3 



EuropSisches 
Patentamt 



European 
Patent Office 



Bescheinigung Certificate 



Office europ6en 
des brevets 




Attestation 



Die angehefteten Unterla- 
gen stimmen mit der 
ursprQnglich eingereichten 
Fassung der auf dem nach- 
sten Blatt bezeichneten 
europdischen Patentanmel- 
dung Qberein. 



The attached documents Les documents fix6s a 
are exact copies of the cette attestation sont 
European patent application conformes a ia version 
described on the following initialement deposee de 
page, as originally filed la demande de brevet 
K * europ6en specifier a la 

page suivante. 



Patentanmeldung Nr. Patent application No. Demande de brevet n 

02255134.5 



PRIORITY 
DOCUMENT 

SUBMITTED OR TRANSMITTED IN 
! COMPLIANCE WITH RULE 17. 1(a) OR (b) 



Der President des EuropSischen Patentamts; 
im Auftrag 

For the President of the European Patent Office 

Le President de I'Office europeen des orevets 
p.o. 



RCvan DIJk 



EPA/EPO/OEB Form 1014.1 - 02.2000 7001014 





Euro p&tsches 
Patents mt 



Europe 
Patent 



Office europeen 
das brevets 



Anmeldung Nr: 

Application no.: 02255134.5 
Demande no: 



Anmeldetag: 

Date of filing: 23.07.02 
Date de depot: 



Anmel der/Appl 1 can t( s )/Demandeur( s ) : 

Aston Photonic Technologies Ltd. 

Faraday Wharf, 

Aston Science Park, 

Holt Street 

Birmingham B7 4BB 

GRANDE BRETAGNE 



Bezel chnung der Erf 1ndung/T1tle of the 1nvent1on/T1tre de I 1 Invention: 
(Falls die Bezelchnung der Erfindung nlcht angegeben 1st, slehe Beschrelbung. 
If no title Is shown please refer to the description, 
SI aucun tltre n»est Indlqu* se referer & la description.) 

Surface profiling apparatus 

In Anspruch genommene PrlorlHt(en) / PrfoHty(les) claimed /PHor1t€(s) 
revend1qu€e(s) 

Staat/Tag/Aktenzelchen/State/Date/F1le no./Pays/Date/Nume>o de d€p6t: 



Internationale Patentklasslf Ikatlon/Internatlonal Patent Classification/ 
Classification Internationale des brevets: 

G01N21/00 



Am Anmeldetag benannte Ve rtragstaa ten/Con tr ac 1 1 ng states designated at date of 
flllng/Etats contractants designees lors du de>et: 

AT BE BG CH CY CZ DE DK EE ES FI FR GB GR IE IT LI LU MC NL PT SE SK TR 



02255134.5 2 
EPA/EPO/OEB Form 1014.2 - 01.2000 7001014 



1 

SURFACE PROFILING AP PARATUS 



Field of the Invention 

The invention relates to surface profiling apparatus and to respiratory function 
5 monitoring apparatus incorporating the surface profiling apparatus. 

Background to the Invention 

There are many situations in which there is a requirement to measure or 
monitor the shape or profile of a surface. An important example is the monitoring of 

1 0 respiratory function through non-invasive measurement of thoracoabdominal surface 
movement. Current approaches to carrying out volumetric measurement of respiratory 
function include inductance plethysmography in which a continuous, low-voltage 
electrical signal is passed through two coils of wire placed around a subject's rib cage 
and abdomen respectively. In this approach the changes in chest and abdomen 

15 volumes are taken to be equivalent to the changes in metric of the chest and 
abdomen compartments respectively. However, accurate calibration of this type of 
device is difficult and it gives a limited picture of the movements involved. Alternative 
approaches using cameras to record the movement of markers or grids of light on the 
chest have also been employed, but these are extremely complex techniques and 

20 they do not allow free ambulatory movement of the subject 

Various fibre-optic based devices have been developed which measure 
respiration according to the two degree of freedom system associated with inductance 
plethysmography. These devices perform measurements of the perimeter of the chest 
and abdomen, or depth of breathing, using optical fibre and fibre Bragg gratings as 

25 strain or displacement transducers. This technique ignores distortions which occur in 
the rib cage with increasing volumes of ventilation and relies on additional parameters 
which compensate for geometrical factors, cumulatively lumping them as part of 
coefficients in most cases as part of a calibration procedure. 

Whilst these methods can typically provide accurate results (±5% error in tidal 

30 volume) for a single set of stationary quiet breathing conditions, accuracy is degraded 
with changes in posture as well as breathing pattern and magnitude. In validation 
studies of devices using these techniques, errors of as much as ±30% in respired tidal 
volume were not uncommon in a significant number of samples (up to 20% of the 
sample population). Such devices must also be re-calibrated frequently if the results 
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postoperative apnoeas. 

Summary of the Invention 

^ * a M aspect o. M mention me* is provided surface profiling 

~=s=========5== 

oraBng cloture sensing devices, ,o de.emt.ne me curved expenenced by each 
deViCe ' « „r a surface to v»nich the sensor sections of the optical 

- me co., and the refiacfive index - me firs, outer dadding .aye, 

--rrrrr^rrrriu. . 

lavered optical libre or matched index optical fibre. 

The optica, fibre ma, further compose a second outer daddmg layer 

dadding mode of me inner cladding layer from a medium surround,ng me outermost 
daddin! Ler me refractive index of me second outer dadding layer being less man 
ZTJZ cf me firs, outer cU.dd.ng .aye, The opfica, fibre may compnse 



outer cladding layer and having a lower refractive index than the preceding outer 
cladding layer. 

The refractive index profile of the fibre core may be radially asymmetric. 
Alternatively or additionally the refractive index profile of one or more cladding layers 
S of the fibre may be radially asymmetric. 

A plurality of optical waveguides including a plurality of sensor sections may 

be provided. 

The optical waveguide grating curvature sensing devices preferably comprise 
optical waveguide grating devices. An optical waveguide grating device may comprise 

10 a long period grating. The long period grating may be radially asymmetric. The long 
period grating may include one or more phase-shifts within its periodic refractive index 
variation. Alternatively or additionally the period of the refractive index variation of one 
or more parts of the long period grating may be chirped. 

An optical waveguide grating device may alternatively comprise two long period 

15 gratings arranged to together define an in-line Mach-Zehnder interferometer. An 
optical waveguide grating device may further alternatively comprise an optical 
waveguide Bragg grating, or two optical waveguide Bragg gratings arranged to 
together define a Fabry-Perot etalon. 

The surface profiling apparatus may further comprise coupling means for 

20 coupling the sensor sections of the optical waveguide to the surface to be profiled. 
The coupling means preferably comprises a carrier member, the sensor sections of 
the optical waveguide being fixed to or embedded within the carrier member. The 
coupling means may alternatively comprise a plurality of carrier members mounted on 
a support structure, one or more optical waveguide sensor sections being fixed to or 

25 embedded within each carrier member. The or each carrier member is preferably 
deformable and most preferably comprises a flexible skin fixed to a partially rigid, 
expandable skeleton structure. The earner member or support structure is preferably 
of a corresponding size and shape to the surface to be profiled, such that a close fit 
is provided between the or each carrier member and the surface. 

30 The optical interrogation means is preferably a derivative spectroscopy or 

synthetic heterodyne based optical interrogation means operable to detect changes 
in the spectral profile of an optical waveguide grating device. The optical interrogation 
means preferably comprises an optical source operable to generate a wavelength 
modulated optical signal at a wavelength within the spectral range of an optical 
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Znon^Put, endof the respec«ve optica, waveguide, and opdca. detect means 

Jd^^ang.sin^spacw.^n^lonp^ofmeopaca.^u.d.fl^ 
5 ^cebeinglnton^atedandtotherabyoetem^^^^^ 

flra ,ng device. Tha cpdca, signal pW* has a nanow ape** ban<*Mh 
Lpared with ma specbal bandwidth of the optical wavaguida gtafng davca to ba 

""TTq*- source may compnse a pHtralit, ofwaveleng* modulated iasars, 
10 thewavelengthof aachiaaar output optioaisignat^ng within tha spectra, range of s 
.sPacuva op«ca, wavaguida gra«ng devfce. Ona or aach o, tha waveleng* 
JLlated lasers may ba dlstobuted feedbacK iasara, tha iniedion currem prawded 
,„ .be .asar from Ks drive unit baing modulated a. a desired ffaouancy to «»raby 
praduce a wavelength modulation on tha optical outou. algna. generated by tha laser. 
1S ona or aaoh of tha wavaiangth modutatad iasars may eltemative,, compnsa fibre 
lasers haying a flbra Bragg gradng for ona or both of tha laser mirrars^he or aa* 
fibra Bragg graSng baing couplad to tuning maans oparabia to va* tha resonant 
laiangm of tha or aaoh fibre Bragg gradng at a dasirad modulation fraguency. 
theraby apply a corrasponding wavatangth modulation to the .asar output s,gnal 
20 tnTXdoa.^uroamayaaan^a^craddmon.llyoompd^aplura.Hyofflbr. 

" Bragg gratings, each grating having a different resonant wavelength lying within the 
spactra, profile of a respecsve opto, wavaguida grating device, and being coupled 
to toning means operable to vary » raaonan. wavalengm at a desired modular, 
frequency, and a broad bandwidth optical source for illuminating tha gratings, tha light 
reflected by each grating thereby forming a wavelength modulated narrow bandwiott, 
optical signal. Tha broad bandwidth optical source may ba a supertuminescent light 

emitting diode or an edge-emitting light emitting diode. 

Preferabty.adiWarentm^ulationfmquancyiauaedforeachopticalwavaguide 

□rating device provided in a single optical waveguide. 

Tha optical source may further alternatively comprise a wavelength tunable 
optical source, operable to generate a nanow bandwidth optica, signal, and 
wavelength moduletion apparatus operable to apply a wavelength modulation at a 
deslredmoduletionfrequency to the generated optical signal. The wavelength tunable 
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optical source may be a distributed feedback laser or a Fabry-Perot etalon based 
laser. 

The optical detection means preferably comprises a photodetector optically 
coupled to the output end of the or each optical waveguide and a plurality, 

5 corresponding to the number of optical waveguide grating devices provided within the 
respective waveguide, of lock-in amplifiers or synchronous detectors each operable 
to measure the amplitude of a detected optical signal at the modulation frequency 
associated with a particular optical waveguide grating device and a harmonic of the 
modulation frequency, most preferably the second harmonic. The optical detection 

10 means preferably further comprises data processing means connected to the or each 
photodetector, operable to calculate the ratio of the amplitudes. The data processing 
means is desirably further operable to calculate the arc tangent of the ratio of the 
amplitudes, to which the curvature experienced by the optical waveguide grating 
device under interrogation is linearly related. The data processing means is preferably 

15 furtheroperabletogenerateatwo-dimensionalorthree-dimensionalwire-frameprofile 

of the surface being interrogated from the curvature values. 

The optical interrogation means may alternatively comprise: a broadband 
optical source operable to generate a broad bandwidth optical signal having a spectral 
bandwidth encompassing the spectral profile of an optical waveguide grating device 

20 to be interrogated, the optical source being optically coupled to one, input, end of the 
respective optical waveguide; and optical detection means optically coupled to the 
other, output, end of the optical waveguide, the optical detection means comprising 
an optical spectrum analyser operable to record the spectral profile of the optical 
waveguide grating device under interrogation and data processing means, such as a 

25 microprocessor or personal computer, operable to match the recorded spectral profile 
with one of a plurality of pre-recorded spectral profiles, to thereby determine the 
curvature experienced by the grating device under interrogation. 

The optical spectrum analyser and the data processing means are preferably 
portable. 

30 According to a second aspect of the invention there is provided respiratory 

function monitoring apparatus comprising surface profiling apparatus according to the 
first aspect of the invention. 



6 



Preferably, me support stttKttrre of the coupling means comprises a garment 
o, a size and shape suitable to doseiy maaoss at lees, part of the thoracoabdominal 
surface of a subject whose resp lra tory function is to be ™" itored . 

The data processing means is preferably operable to generate a 2- or 3- 
5 dimensional wlre-frame image o, the thoracoabdominal surface of a subject we*rng 
Z respirator funCon monitoring apparafus, and is mos, preferably operable to 
!lpea^.ygene ratett teimaBe 1 n re a 1 «me. to «,e re by fl ene ra .eachan fll n 8 .upda.n g 

image of the thoracoabdominal surface. 

in Brief Description of the Drawings 

Embodiments of the invention will now be described in detail, by way of 
exampie oniy. with reference to the accompanying drawings, in whrch: 

Figure 1 is a schematic representation of shape profiling apparatus accordm, 
to a first embodiment of the invention; 
15 Figure 2 illus.rc.es the effect on the transmission spectrum of a long penod 

grattng (piled 480pm, of the appticaUon of various curvatures C m ') to the grabng; 

Rgura 3 shows .he attenua«on prof»e of an opfica. waveguide grabng dev.ce 
,n me form of a iong period grating for three different appUed curvatores (C, C, and 
C togettrer wavelength modulacon range of a wavelength modulated narrow 

20 ""ZZTZT. parametric ,ot o, .a ffrst and second harmonics o, me 
waveleng* modulatton frequency for various curvatures applied to a long penod 

9ra " n9 Figure 5 shows the arctan of the refio (R) of *e amplitodes of the firs, and 
26 secondham,onicsof^wave,engmrrtod.,atlonfraouer«yasafuncuonofradiusof 

curvature (C) for a long period grating of period 240pm; 

Figure 6 shows me anttan of me ratio (R) of ma ampHtudas of me firs, and 
second harmonics of the wevelengm modulation frequency asafuncBon of radiusof 
curvature (C) for a long period grating of period 480pm; 
30 Figure 7 is a diagrammatic partially exploded plan view of a earner member 

suitable for use with the apparatus of Fig.1; 

Figure 8 is a diagrammatic sectional view along ma line A-A of Fig.7; 
Figure 9 shows me central wevelengm of me attenuation band (4'" mode) of 
the third LPG 18 (period 350pm) as a function of radius of curvature; 
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Figure 10 is a schematic representation of shape profiling apparatus according 
to a second embodiment of the invention; 

Figure 1 1 is a schematic representation of shape profiling apparatus according 
to a third embodiment of the invention; 
5 Figure 1 2 is a schematic representation of shape profiling apparatus according 

to a fourth embodiment of the invention 

Figure 13 is a diagrammatic representation of respiratory function monitoring 
apparatus according to a fifth embodiment of the invention; 

Figure 14 shows plots of percentage surface area error (E) as a function of 
10 number of monitoring locations for reconstructed CT scan chest profile data: (A) 
trapezoidal approximation; and (B) 4-point cubic spline interpolation; 

Figure 1 5 is a diagrammatic representation of a torso showing the location of 
the carrier member on the upper chest (X) and the lower chest (Y); 

Rgure 16 shows the change in the central wavelength (AA) of the LPG's 
15 attenuation band as a function of the change in the circumference (Ac) of the torso, 
for the carrier member located on the lower chest (positions 2, 3 & 5); and 

Figure 17 shows the change in the central wavelength (AA) of the LPG's 
attenuation band as a function of the change in the circumference (Ac) of the torso, 
for the carrier member located on the upper chest (positions 1 & 4). 

20 

Detailed Description 

Referring to Figs. 1 to 9, a first embodiment of the invention provides surface 
profiling apparatus 10 utilising optical waveguide grating devices in the form of long 
period gratings (LPGs) 12, 14, 16 provided within respective sensing sections of single 
25 mode progressive three layered (PTL) optical fibre 18. Only three LPGs provided 
within a single carrier member are shown here for clarity but it will be appreciated that 
a larger number of LPGs may be used and may be provided within one or more carrier 
members. 

LPGs consist of a periodic refractive index variation produced within the core 
30 of an optical fibre. The refractive index variation Is induced within the fibre as a result 
of exposure of the fibre to ultra-violet radiation. The period of the refractive index 
variation is typically between 1 00pm and 600mm, and is much greater than the guided 
wavelength. An LPG acts to couple light incident on it from the fibre core into the fibre 
cladding , thereby producing attenuation bands within the transmission spectrum of the 
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optical fibre. Light is coupled from the core info the cledding with a spectral seiecav,ty 
that is closer, determined by the periodicity of the refractive index variation 

LPGs are sensitive to strain (£), temperature (T) and the refractive index (nj 
„ f the surrounding medium. The sensitivity of an LPG to these parameters can 
5 manifest itself in two different ways: me central wave.ength of the attenuation band 
can shift in wavelengft. and a change in the speara, transmission P«» * «» 
attenuate band can occur. Of particular interest hera is the sens,nv,ty of LPGs to 
bending, which induces both a wavelength shift and a change in the spectra, profile 

of the attenuation band. 
D The wavelength shift of the attenuation band arises as a result of the phase 

match condition of an LPG, which determines the spectral position of the ettenuatton 
band, and is given by 

[»W,{^M)-»'(4(W.»>'4 A M=^-Mr^)^ < 1 > 

where A Is the period of the grating, *»Xr is the effective refractive index of the 
core mode and is the effective refractive index of the n» radial cladding 

mode, both indices also being dependent on the refractive indices of the core and 
cladding, and on wavelength K 
20 The magnitude of the wavelength shift induced by an applied Mn, or a 

" change in temperature or the refractive index of the surrounding medium, . 
dependent on the difference between the effective refractive indices of the core and 
the n » radial cladding mode, and on the difference between the group effect 
refracave indices of me core and n* radie! cladding modes. The wavelength 
25 .ensitMtyofLPGstobendingarisesfromtheirsensiUvitytostrain. Bending an opbcal 
~ fibre induces strain and compression in the fibre, which In turn chenges the group 
effective refractive Indices of the core and the n» radial cladding mode as well as 

Mfo\f and ""("Our- 

,n the embodiment shown in Rg.1 , the first LPG 12 has a period of 240 M m. a 
30 length of 8cm and a strength of 14dB. the second LPG 14 has a period of 480pm 
" a length of 10cm and a strength of -10dB, and the third LPG 16 has a penod of 

350pm, a length of 10cm and a strength of -10dB. The LPGs 12. 14, 16 were 
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fabricated using the point-to-point fabrication technique which will be well known to the 
skilled person and so will not be described in detail here. The PTL fibre used was not 
specifically designed to be photosensitive and so Its photosensitivity was increased 
by hydrogenation at a pressure of 120 Bar for a period of 2 weeks at room 
5 temperature. 

The periods of the LPGs 12, 14, 16 were chosen so that the associated 
cladding modes of the attenuation bands were from modes « c/ (U) to 
which are known to be insensitive to the refractive index n e of the surrounding 
medium. 

1 0 The first LPG 12 produces an attenuation band having a central wavelength 

of ~1536nm, associated with its 9 th cladding mode, the second LPG 14 produces an 
attenuation band having a central wavelength of ~1522nm, associated with its 5 th 
cladding mode, and the third LPG 16 produces an attenuation band having a central 
wavelength of ~1520nm, associated with its 4th cladding mode. 

1 5 Fig. 2 shows how the optical transmission spectrum (T) of the second LPG 14 

changes as the radius of curvature applied to the LPG 14 is increased from 0 to 
3.356m" 1 . 

In this example, the optical interrogation means takes the form of three 
distributed feedback (DFB) lasers 20, 22, 24 optically coupled to the input end 18a of 

20 the PTL fibre 1 8. The DFB lasers 20, 22, 24 are thermally stabilised and optical fibre 
pigtailed, and are operable to generate wavelength modulated, narrow bandwidth (i.e. 
narrow with respect to the spectral bandwidths of the LPGs 12, 14, 16 to be 
interrogated) optical signals. Both the wavelength of the optical signal generated by 
each DBF laser 20, 22, 24 and the frequency of the applied wavelength modulation 

25 are different for each DFB laser 20, 22, 24, and thus each respective LPG 12, 14, 16. 
The wavelength of each optical signal is selected to be close to the resonant 
wavelength of the respective LPG 12, 14, 16. The output fibre pigtails 20a, 22a, 24a 
of the DFB lasers 20, 22, 24 are optically coupled to the PTL fibre 18 via a 3x1 optical 
fibre multiplexer 36. A photodetector 26 is optically coupled to the output end 18b of 

30 the PTL fibre 1 8. The electrical output of the photodetector 26 is connected to three 
lock-in amplifiers 28, 30, 32. The different wavelength modulation frequencies are 
used to identify the LPG 12, 14, 16which each part of the output signal generated by 
the photodetector 26 relates to, as will described in more detail below. 
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The M DFB laser 20 generates a narrow bandwidth optical signa hav,n fl a 
, H x of~1S32nm An electrical sinusoidal modulation signal of a frequency 
wavelength X, of 1S32nm A dto , helaserinieai on current 

,> nfSkHz generated by a signal generators*, is appneoiu 
TtZZZ* a sinusoidal wavelengfh modu,a«on, having a first harmomo 

Inlr at a particular modulation frequency to, generates wavelength 

TTT: TZZZ DPS laser 22 generates a narrow bandwidth epical 
,.e. e>„ 2 u, etc. ™ e Anelectrical sinusoidal modulation signal 

signaihavingaw^vele^o^^ ^ ^ ^ ^ ^ 

An electrical sinusoidal modulation signal of a frequency w, of 2.3kHz. generated By 
sinusoidal wavelength modulation havingafirstham,on,cfrequencyof2.3kHzand an 
amZde o, 0.06nm. The drive cunen. is se, to operate in the saturabon ragimes o 
^Tfb lasers 20. 22, 24 where the current Induced ampiitude modular ,s 

m ' nimlS Tne series of wav«ength modutedon frequency harmonics present on each 

Lai from the photodetecter 26. The In-phase component of the n harmonic 
ZlTcompo-t o, me photodetecter output eigne, is propose, to the n* 

and second harmonic frequency components fro, and 2u,„ to, and 200,, and 

derivatives of the special transmission profiles of the raspecbve LPGs 12, 14, m 
Fia 33howsmeattenua«onp ro filee(parc,ntegeof M nsm,ss,onpowera)as 

afuncrion of wavelength W) o, an LPG forlhree different cunrafu^i (C, C, and« 
tege.herw,.hu 1 ewave,eng«hmodula.ion38at ft equency W ofaDFB,ase,wh,chmay 

be given by. 
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It can be seen in Fig.3 that the amplitude A 1f A 2 , and A 3 of the photodetector 
output signal at frequency w varies with the amount of curvature applied to the LPG. 

in addition to the signals at modulation frequencies to,, w 2 and w 3 , the signal 
generator 34 also generates sinusoidal electrical signals at the second harmonics of 
5 the modulation frequencies i.e. at 2u„ 2u> 2 and 2u> 3 . The electrical signals generated 
by the signal generator 34 at frequencies w, and Zu^are passed to the first lock-in 
amplifier 28, the electrical signals at w 2 and 2u> 2 are passed to the second lock-in 
amplifier 30, and the electrical signals at u> 3 and 2 u> 3 are passed to the third lock-in 
amplifier 32. The lock-in amplifiers 28, 30, 32 are thereby set to measure the 
10 amplitudes of the first and second harmonic frequency components of the 
photodetector outputsignal corresponding to the first LPG 12, the second LPG 14 and 
the third LPG 16 respectively. 

The ratio of the first and second derivatives is a unique function of position 
within the spectral transmission profile and is independent of any attenuation which 
1 5 may occur within the optical system. The amplitudes of the first and second harmonic 
frequency components can be represented by: 

Amp™ =Asm (£) and Amp™ = B sin (# + a) 

20 where % represents the degree of curvature experience by an LPG under interrogation 
and a is the relative phase difference between the first and second harmonics. The 
ratio of the amplitudes of the harmonics is unique for a given radius of curvature, as 
illustrated in the parametric plot of the first and second harmonics recorded for radii 
of curvature of between 0 and 4.20m" 1 shown in Fig. 4. 

25 a more useful relationship between the amplitudes of the first and second 

harmonic frequency components of the photodetector output signal and the radius of 
curvature applied to an LPG is produced by taking the inverse tangent (arctan) of the 
ratio of the amplitudes of the first and second harmonics. This yields an 
approximately linear relationship between the arctan of the ratio of amplitudes and the 

30 radius of curvature, as shown in Figs. 5 and 6 for the first LPG 12 and the second 
LPG 14 respectively. A radius of curvature resolution of +/- 0.05m- 1 and a curvature 
measurement range of ~+/-3iTr 1 is available in this example. 
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The special sens«v«y f - the Hd LPS 16. U. me change <n ft. cenfra, 



as shown in Fig.9. The 



theoretically predicted wavelength shift is given by: 



ddn a 



A/?, 



(2) 
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k -» ^-»«r , s thedifferentialeffectiveindexbetweenthecladding 

where dcS v 

, ^ <5w - » -» is the differential group index. The 
and the core mode ana g cog ci% v 

"ed^a^^ 

Z£» — for curvatures o, < 2 m \ so no MX- «•**"■ 0f 

TatLon band - ocour. Fig. 9 demonstrates reasonable agreement 

different curvatures and the experimentally measured values 58. 

1^ emhodlmentthe LPGs 12, 14. 16 are embedded within a earner 
* " "* „ Flfls , 7 and 8. The center member 40 Is deformable and 

£2 IP"- a shoe, Oength 250mm. width 120mm and «*ness 2mm) of 
, Lber This provides a flexible stage which Is a.so thermally 

•,. r. .Hh^r f n>l 5^ and has a thickness of approximately 3mm. 

SWP8 50. 52. 54 Oength 200mm. ^7^ZV^^ 
steel which support the sensing sections of the Pi L TiDre 
T Te Th support strips 50. 52, 54 are f«ed to me lower s«n 46 end are 
anCeo Parana. « one another, approximately 75mm apart. Two connect 




13 

strips 56 (length 80mm) are provided at either end of the support strips 50, 52, 54. 
V-section grooves 48 are formed along the length of the support strips 50, 52, 54 
for receiving the sensing sections of the PTL fibre 18. The fibre is fixed to the 
support strips 50, 52, 54 using a cyanoacrylate adhesive. The v-grooves 48 
5 minimise bending of the LPGs 12, 14, 16 during the gluing process. The steel 
skeleton 42 gives longitudinal rigidity to the carrier member 40 and prevents the 
LPGs 12, 14, 16 from experiencing significant axial strain during use. 

The steel skeleton also acts to stabilise the temperature of the LPGs 12, 14, 
16. Over a 15°C temperature range the central wavelength of the attenuation 
10 mode associated with the 4 th cladding mode of the third LPG 16 was observed to 
shift by 0.36nm. This gives a temperature sensitivity of 

— =2.3±0.1xl0- 2 nm o CT 1 
dT 



1 5 Comparing this with a known temperature sensitivity of 0. 1 98nm°C- 1 for the 

same cladding mode in bare PTL fibre, indicates that the temperature sensitivity of 
the LPGs 12, 14, 16 mounted on the carbon steel support strips 50, 52, 54 is 
approximately an order of magnitude smaller than that of bare PTL fibre. This 
reduction in temperature sensitivity of the LPGs 12, 14, 16 is due to the LPGs 

20 taking on the thermal expansion properties of the support strips. 

In use, the carrier member 40 is placed on the surface to be profiled, with 
the lower skin 46 in contact with the surface. The radius of curvature of the 
surface at various monitoring locations is measured by the LPG provided at the 
respective monitoring location. The radius of curvature values measured by each 

25 LPG are input into a surface-modelling algorithm which creates a 2-dimensional or 
3-dimensional wire-frame profile of the surface under investigation. By continually 
or repeatedly measuring the radius of curvature at each of the monitoring locations 
any changes in the profile of the surface can be monitored. Movement of the 
surface at one or more of the monitoring locations can also be tracked. 

30 Surface profiling apparatus 60 according to a second embodiment of the 

invention is shown in Fig. 10. The apparatus 60 is substantially the same as the 
surface profiling apparatus 10 of the first embodiment, with the following 
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m0 diflca«ons. The sale reference numbers are retained for corresponding 
<ea,Ur "n this embodiment the LPGs 12. 14. 16 are «M mterrogatod by 

suoerluminescent light emitting diode (SLED) 68. meopi a 
superior™. » eeviaan optical circulator (or coupler) 76. The 

68 is routed to the 64 66 forms a narrow banded* optica! 

BgM refected by each of *e J™**^ ^ drculator 76 . Each 

^atcm fluency is ttiereb, applied to the resonant wavelengtti of the FBG 62. 

^ Similarly to me firs, embodiment, me modulation signals at frequencies W „ 
„ andt rgene rate dbyasigna,gene ra ior34. The modulatton slgna, are 
^1 me drive voltage supplied from a drive uni. 78 to the P«-~» 
e ement in each attain apparatus 70. 72, 74. The piezoelecttic ^element in each 
sttl apparatus is thereby caused to expand and conttac, at ma deeded _ 
ZZn frequency, so applying a varying axial attain . > rcepecttve FBG 62. 
64 66. A different modulallon frequency is applied » each FBG. 

' n 11 shows surface profiling apparatus 80 according to a third 
embodiment of me invention. The apparatus 80 is subs— the same as me 
Hce profiling apparatus 10 o,me firs, embodiment, with file following 
lellns. The same reference numbers are retained for corresponding 

^nmlsembodimenttheLPGslZ 14, 16 are opttcaly Interrogated by 
FBGs and me fibre forming the laser cavity. The fibre lasers 82, 84, 86 are 
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pumped by a 980nm pump laser 88, optically coupled to the erbium-doped fibre via 
an optical circulator (or coupler) 90. 

Each fibre laser 82, 84, 86 lases at a wavelength determined by the 
resonant wavelength of Its FBGs. Each pair of FBGs have a different resonant 

5 wavelength to thereby give each fibre laser 82. 84, 86 a different operating 

wavelength. The optical output signal from each fibre laser 82, 84, 86 is coupled to 
the PTL fibre 18 via the circulator 90. Each pair of FBGs is coupled to tuning 
means in the form of a piezoelectric based strain apparatus 92, 94, 96 operable to 
apply an axial strain to the FBGs at a desired modulation frequency, to thereby 

10 apply a wavelength modulation at that modulation frequency to the resonant 

wavelength of the FBGs. When the resonant wavelength of the FBGs in a fibre 
laser 82. 84, 86 changes, the operating wavelength of the fibre laser also changes. 
Therefore, applying an axial strain to the FBGs of a particular fibre laser 82. 84, 86 
at a desired modulation frequency will apply a wavelength modulation at that 

1 5 frequency to the output wavelength of the fibre laser 82, 84, 86. A different 
modulation frequency is applied to each fibre laser. 

As in the first embodiment, the modulation signals at frequencies m,, w 2 
and ww 3 are generated by a signal generator 34. The modulation signals are 
applied to the drive voltage supplied from a drive unit 98^0 the piezoelectric 

20 element in each strain apparatus 92, 94, 96. The piezoelectric element in each 
strain apparatus is thereby caused to expand and contract at the desired 
modulation frequency, so applying a varying axial strain to the FBGs of the 
respective fibre laser 82, 84, 86. 

Surface profiling apparatus 120 according to a fourth embodiment of the 

25 invention is shown in Fig. 1 2. The apparatus 120 is similar to that shown in the first 
embodiment, but has different optical interrogation means 122, as described 
below. The same reference numbers are retained for corresponding features. 

In this embodimentthe LPGs 12, 14, 16 are illuminated by a broadband 
optical source in the form of a fibre pigtailed SLED 124, optically coupled to the 

30 input end 18a of the PTL fibre 18. The SLED 124 is operable to generate a broad 
bandwidth optical signal whose spectral range encompasses the spectral profiles 
of the attenuation bands of each of the LPGs 12, 14, 16. A small, portable optical 
spectrum analyser (OSA) 126, such as the "USB2000 Miniature Fiber Optic 
Spectrometer from Oceanoptics Inc., is optically coupled to the output end 18b of 
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the PTL fibre 18. The OSA 126 is operable to record the spectra, profiles of the 
Inuation bands of eaoh o, toe LPGs 12, 14. 16. The OSA 128 is connected, to a 
mto oprocessor 128, which may be a personal computer, to which the recorded 
speclralproflledataisdownloaded.Themicraprocessor^Sisoperabtoto . 

dpara toe downioaded spectra, proffle data with a piurality of pre-recorded seto ; 
o, specW pro«e data, unffl a matchin 9 set of spedra. proffle dato is found. Each 
set of prerecorded special profile data corresponds to a particular curvature 
appliet to a particular LPG, so a match todlca.es the curvature expenenced by toe 
LPG 12 14 16 under interrogation. The OSA 126 may be permanently connected 
,o toe microprocessor 128, so thai eac* recorded set of spectfa, profile data can be 
downloaded to, end processed by, toe microprocessor 128 In real time. 
Alternatively, the OSA 126 does not have to be connected to toe microprocessor 
128 during Interrogation of one or moreLPGs 12, 14. 16. A number o, i spear*. 
oroB es may be recorded and stored in the OSA 126 for later downloading to, and 
processing by, toe microprocessor 128 onoe toe OSA 126 Is connected to ,t 

Referring to Figures 13 to 17, a fourth embodiment of the rnventron 
provides respiratory functton monitoring apparatus 100 comprising surface prohlmg 
apparatus 102 which is substantially toe same as toe surface profiling apparatus 
m 60 80, 120 according to one of toe first, second, third or fourth embodiments, 
with toe fol.ow.ng modifications. The same reference numbers as in toe first 
embodiment are used for corresponding features (toe firs, embodiment rs selected 
tor iilustrauon only, and toe sKil.ed peraon will undersrend that toe surfeoe profihng 
apparatus according to toe second, toW or fourth embodiments may be used 

instead), . . . 

As shown in Fig. 13, in tois example five LPGs (not shown) are provrded 
wKh.n each of four canter members 40a-d, glv.ng a tota. of 20 LPGs. each set of 
five LPGs are provided within a different FTL fibre 104, 106, 108, 110. There are 
four different optical arrangements which may be used to deal with this large 
number of LPGs. In toe first, toe attenuation band of each LPG has a different 
central wavelength and toe LPGs are interrogated by twenty wavelength 
modulated, narrow bandwidth optical signals generated by twenty DBF .asers (as to 
toe first embodiment shown in Fig.1), by an SLED and twenty FBGs (as in the 
second embodiment shown in Fig.10), or by twenty fibre lasers (as in the thrrd 
embodiment shown in Fig.11). The wavelength of each optica, signal is different, 
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lying within the spectra! bandwidth of the respective LPG, and each optical signal is 
wavelength modulated at a different modulation frequency. The output end of 
each PTL fibre 104, 106, 108, 110 is coupled to a single photodetector 26, and the 
electrical output signal from the photodetector is connected to twenty lock-in 
5 amplifiers, each operating at the first and second harmonics of the modulation 
frequency of their respective optical signals. 

In the second optical arrangement the attenuation band of each LPG again 
has a different central wavelength. The twenty LPGs are illuminated by a single 
broadband optical source, for example an SLED or an edge-emitting light emitting 

10 diode (EELED). The spectral profiles of the attenuation bands are recorded by a 
single OSA and compared to pre-recorded spectral profiles using a microprocessor 
(as in the fourth embodiment shown in Fig. 12). 

In the third optical arrangement, each LPG within a set of five LPGs has a 
different attenuation band central wavelength, the LPGs in each of the four sets 

1 5 having the same five central wavelengths. This means that only five narrow 
bandwidth optical signals, having five different wavelengths, are required to 
interrogate all twenty LPGs, since each optical signal can be used to interrogate 
four separate LPGs. By connecting the output end of each PTL fibre 104, 106, 
108, 110 to a different photodetector, only five different wavelength modulation 

20 frequencies are required. The photodetectors thereby identify which carrier 

member 40a-d a signal relates to, and the modulation frequency identifies the LPG 
within that earner member 40a-d, thereby identifying the respective monitoring 
location. 

The fourth optical arrangement similarly uses four sets of five LPGs. In this 
25 case all of the LPGs can be illuminated using a single broadband optical source, 
SLED or EELED. The output end of each PTL fibre 104, 106, 108, 1 10 is 
connected to a different OSA, since the LPGs within each set are identified by 
wavelength. The spectral profiles recorded by the OSAs can be downloaded to a 
single microprocessor for processing to determine the curvature experience by 
30 each LPG, as in the fourth embodiment. 

In this embodiment the respiratory function monitoring apparatus 100 is 
intended for use on a human subject and the curvature values are used to 
generate a 3-dimensionaI wire-frame image of the thoracoabdominal surface. 
Testing of the apparatus 100 was carried out on a commercial resuscitation training 
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■a manikin The manikin comprises a Hgid under-freme over which a polymer sKln 
. T« In liable air bag Is provided beween the frame and skin, and can 

rr^C^^ng^lOO^.n.e^ol. 

^GsllnUbic-spl.ne We^aHon) toprov.de a 

Te response o, one LPG wKhin one earner member 40 wes invested, 
•n. en OSA at venous degrees of inflation of the manikin, at five afferent 
S^H—t Hachk.oa^.srepresen.dbvaselof dimensions 

given in the following table, and shown in F.g.15. 
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Position on 
torso 

Fin 15 (X) 


(mm) 


d 2 

(mm) 


d 3 

(mm) 


d 4 

(mm) 


Maximum detected 
wavelength shift (nm) 




1 


90 


50 


50 


250 


1.05 




2 


185 


50 


50 


185 


3.18 




3 


287 


50 


50 


75 


0.95 


Position on 
torso 

Fin 15 (V) 


Pi 

(mm) 


P2 

(mm) 


P 3 

(mm) 


P4 

(mm) 


Maximum detected 
wavelength shift (nm) 




4 


205 


25 


165 


165 


1.98 




5 


100 


128 


165 


165 


1.70 
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The change in the central wavelength of the LPG's attenuation band as a 
function of the peripheral expansion of the manikin's skin (change in the 
circumference of the manikin's torso) was also investigated, shown in Figs. 16 and 

25 17. The variation in response of the LPG apparent between locations on the upper 
and lower chest regions mimics that which might be expected in a real human 
subject, as the expansion of the rib cage has a more significant contribution at 
higher levels of ventilation. 

Figs. 16 and 17 show that the spectral response of the LPG as a function of 

30 peripheral expansion of the manikin's skin varies with location on the torso. The 
errors shown in these figures correspond to the spectral accuracy (±0.04nm) of the 
OSA used to measure the change in wavelength and a torso circumference error of 
±1cm. The circumference error is an estimate of the variation of the manikin's skin 
deformation between each set of results. 

35 As discussed above in connection with the first embodiment, LPGs are 

temperature sensitive, although this has been reduced by an order of magnitude 
due to the fact that the LPGs 12, 14, 16 are fixed to steel support strips 50, 52, 54. 
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The temperature sensitivity of the LPGs will introduce an error into the 
measurement process during monitoring of respiratory function, since the surface 
profiling apparatus 10, 60, 80 is intended to be used in close contact with the sk,n. 
Assuming a typical skin temperature variation of ~32'C to ~35°C this would 
generate a maximum wavelength error of ±0.035 nm. Using the maximum 
detected wavelength shift presented in the above table, this gives a maximum 
(worst case) relative error of ~±3% (position 3) and a minimum relative error of 
-±1% (position 2). 

As shown in Fig.13 the carrier members 40a-d are attached to a garment 
1 14 which is worn by the subject. The garment 114 shown is illustrative on«y and 
would in practice be of a cioser fit to the subject's skin, so that the carrier members 
40a-d are in close contact with the skin. Providing the carrier members 40a-d on a 
garment 114 assists in the correct positioning of the LPGs across the surface to be 
profiled i.e. the torso. The optical interrogation means 112 in this example is 
carried by a belt 116 worn around the subject's waist, but it could alternatively be 
attached to the garment 114, or be provided with attachment means, such as a 
mechanical clip or fleece and hook fastener, by which the subject may attach the 
optical interrogation means 1 12 to an item of clothing. 

The surface profiling apparatus of the described embodiments prov.de the 
advantage of having a curvature spectral sensitivity of 3.747 nm.m and the 
temperature sensitivity of the LPGs is reduced by approximately an order of 
magnitude by mounting them on carbon steel support strips. The LPGs display 
negligible axial strain due to their being fixed to the support strips. The surface 
profiling apparatus can be used to distinguish between various geometric variations 
associated with different locations on a moving surface, including a human torso 
during respiratory movement. The fabrication of the LPGs in a multi-clad single 
mode optical fibre, such as PTU makes the LPGs insensitive to the refractive index 
of a surrounding medium. Each of the described optica, interrogation apparatus is 
portable, enabling the profile of a surface to be monitored in a real situation (i.e. 
outside of a laboratory environment) and allows the subject on which the surface is 
located to move freely during measurement and monitoring. 

The surface profiling apparatus does not need to be calibrated for each 
surface under investigation: The optical grating sensors (LPGs) only need to be 
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calibrated once: change in the electrical output signal as a function of change in 
curvature experienced by an LPG. 

The respiratory function monitoring apparatus described provides 
monitoring apparatus which can assess lung function without the need for flow 
measurement at the mouth. The apparatus can also provide detailed information 
of the dynamics of chest motion during breathing. The described apparatus will 
facilitate further studies of respiratory physiology, because unlike previously known 
systems, it can provide a completely non-invasive and quantitative appreciation of 
respiratory function. Using 20 LPG sensors allows the apparatus to be used to 
generate a geometrical profile of the chest and abdomen in three dimensions with 
the necessary accuracy. The apparatus provides a curvature resolution of 
±2.0x10* nrr 1 which is a relative error of ±1% over the curvature measurement 
range of the apparatus. 

The respiratory function monitoring apparatus described re-approaches the 
less complex, useful two compartment monitoring technology from a geometrical 
aspect with a view to enhancing the performance and adding functionality. The 
apparatus enables a 3-dimensional profile of the thoracoabdominal surface to be 
generated, using an on-body reference. The apparatus enables the movement of 
selected anatomical positions on the chest and abdomen surface to be tracked 
during breathing manoeuvres, as well as facilitating measurements of tidal 
respiratory volume. The curvature values generated by the apparatus are input 
into a surface-modelling algorithm to create a 2- or 3-dimensional wire-frame image 
of the thoracoabdominal surface. 

The electronic and optical elements of the optical interrogation means can 
be made very small and therefore portable. This means that the respiratory 
function monitoring apparatus can be attached to the subject, enabling the subject 
to move freely without constraint whilst their breathing is monitored. The apparatus 
thereby provides an improved diagnostic tool for continuous monitoring of patients 
in a healthcare environment. 

Various modifications may be made without departing from the scope of the 
invention. Referring to the surface profiling apparatus itself, a different type of 
optical fibre may be used to that described, including multilayer optical fibres 
having three or more cladding layers. The structure of the optical fibre may be 
asymmetrical about its axis. The LPGs may include sections in which the grating 
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«riod is chirped or may include one or more phase-shifts within the periodic 
rltnoet moduiaL. to provide addttona, information aboutthe direction of 
r<Tal. The LPGs ma, a,terna«ve,, or addmonaUy be asymmetnc about the 
Z7Z L. The LPGs may he repiacad by an a«erna«va opttca, wave8u.de 

curvattrre sensing device, sucb as two ,ong period gratings arranged .0 
Tie define an in-iine M ach-*hnder interferometer, an opUceiwavagu.de 
IS gig. or « optica, waveguide Bragg grattngs arrange. .0 logger de f ,ne 

aFaW rcLXmeansmaycompdsead,«aren,numbaro,can1ermambers 
,„ that described, and a different number 0. optica, waveguide grating curvature 
Ising devfces may by prided within each carter member, in partc^r, a 
II carder member, of a size and shape suitable to provide a dose m to the 
^T^.maybaused.rneanangemenlof^^^er 

m embar may be difteren. to that used. The canler member may have ^ flteren, 
laure to «,a. described, in particular a skeleton may not be necessa* for 
^laii, sttong types o, opttca, ribre. such as poiymer «bre. The sk,n o, m. 
carrier member may comprise a different flexible matenal. 

I the case of an Inanimate subject a earner member may not be re gu«ed, 
the opttca, waveguide grattng curved sens„g dav.es being attached d,reC,y 1c, 
so or embedded within, the surface to be profiled. 

TheoplleaUnterrogation means may uttllse ditterent optica, sources 
operable .0 generate a wavelength modulated, narrow bandwidth optica, s„nal. 
L, different optica, defectton means ma, be used * that 
particular, a different number of photodetectors ma, be used and the ^ 
Miners ma, be rep,aced b, a ditterenttype o, synchronous detectt. A parent 
optical spectrum analyser .0 that described b, be used In connecUon writ, the 
surface profiling apparatus of the dascribad fourth embodiment 

Referring ,n particular to the respiratory function monitoring apparatus, a 
different number o, carrier members may be used, and each carrier membra, 
incorporate a deferent number of LPGs. The garment Incorporate the earner 
members ma, be different to that described. 
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CLAIMS 

1. Surface profiling apparatus characterised by comprising: 

an optical waveguide including a plurality of sensor sections In which a 
5 plurality of optical waveguide grating curvature sensing devices are respectively 
provided; and 

optical interrogation means operable to interrogate the optical waveguide 
grating curvature sensing devices, to determine the curvature experienced by each 
device, 

10 whereby a profile of a surface to which the sensor sections of the optical 

waveguide are coupled may be constructed from the curvatures sensed by the 
optical waveguide grating curvature sensing devices. 

2. Apparatus as claimed in claim 1 , wherein the optical waveguide is an optical 
15 fibre, such as a silica-glass optical fibre or a polymer optical fibre, the optical fibre 

comprising a core, an inner cladding layer surrounding the core, and at least a first 
outer cladding layer sun-ounding the inner cladding layer, the refractive index of the 
inner cladding layer being less than the refractive index of the core, and the 
refractive index of the first outer cladding layer being less than the refractive index 
20 of the inner cladding layer. 



3. Apparatus as claimed in claim 2, wherein the optical fibre further comprises 
a second outer cladding layer surrounding the first outer cladding layer in order to 
isolate light propagating within a cladding mode of the inner cladding layer from a 

25 medium surrounding the outermost cladding layer, the refractive index of the 

second outer cladding layer being less than the refractive index of the first outer 
cladding layer. 

4. Apparatus as claimed in any preceding claim, wherein an optical waveguide 
30 grating curvature sensing device comprises an optical waveguide grating device, 

such as long period grating, two long period gratings arranged to together define 
an in-line Mach-Zehnder interferometer, an optical waveguide Bragg grating, or two 
optical waveguide Bragg gratings arranged to together define a Fabry-Perotetalon. 
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, Apparatus as Calmed in an, preceding —n. wherein the surface profiling 
apparatus further comprises coupling means for coupling me sens* , -~»- 
the ootioal waveguide to the surface to be profiled, the couplmg means compnsing 

or embedded within the carrier member. 

6 Apparatueascleimedincieims.whereinthecouplingmeenscomprisesa 
piuraitty of carrier members mounted on a support struck, one or more opttca. 
Lveguide sensor secfJons being f*ed to or embedded within each earner 
member. 

7 Apparatus as cleiraed In claims 5 or 6, wherein the or each carrier member 
is deformebie and comprises a flexible sWn fixed to a partly rigid, expandable 
skeleton structure. 

8 Apparatus as claimed in any preceding claim, wherein the optical 
interragation means is a derivative spectroscopy or symhetic heterodyne b*sed 
^ca, interferon means operable to detect changes in the specie, p*» <* en 
optical weveguide grating device, the optical Interrogation means compnstng. 

an optical source operable to generate a narrow spectral bandwidth 
wavelengm modulated opSca, eigne, at a wavelength wtthin the special range of 
rUei waveguide graUng device to be interrogated, the opfica, source bang 
opecally coupled to one, input, end of the raspedive opficai wavegu.de; and 

optical detection means optically coupled to the other, output, end of the 
optical waveguide and being operable to detect changes in the spectral 

transmission profile of me optical weveguide grating device being interrogated and 
,0 .hereby determine the curveture experienced by the grating device. 

9 . Apparatus as claimed in claim 8. wherein the optical detection means 

"""Tphotodetector optically coupled to the output end of me or each op«cal 
waveguide end a plurality, corresponding to the number of optical waveguide 
orating devices provided within the respec«va waveguide, of lock-in angers or 
synchronous detectors each operable to measure the amplitude of a detected 
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optical signal at the modulation frequency associated with a particular optical 
waveguide grating device and a harmonic of the modulation frequency; and 

data processing means connected to the or each photodetector, operable 
to calculate the ratio of the amplitudes and the arc tangent of the ratio of the 
5 amplitudes, to which the curvature experienced by the optical waveguide grating 
device under interrogation is linearly related. 

10. Apparatus as claimed in any of claims 1 to 7, wherein the optical 
interrogation means comprises: 

10 a broadband optical source operable to generate a broad bandwidth optical 

signal having a spectral bandwidth encompassing the spectral profile of an optical 
waveguide grating device to be interrogated, the optical source being optically 
coupled to one, input, end of the respective optical waveguide; and 

optical detection means optically coupled to the other, output, end of the 

15 optical waveguide, the optical detection means comprising an optical spectrum 
analyser operable to record the spectral profile of the optical waveguide grating 
device under interrogation and data processing means operable to match the 
recorded spectral profile with one of a plurality of pre-recorded spectral profiles, to 
thereby determine the curvature experienced by the grating device under 

20 interrogation. 

11. . Respiratory function monitoring apparatus comprising surface profiling 
apparatus as claimed in any preceding claim. 
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ABSTRACT 
SURFACE PROFIUNG APPARATUS 

5 Surface profiling apparatus 1 0 according to one embodiment comprises 

three long period gratings (LPGs) 12, 14, 16 fabricated in progressive three layered 
(PTL) fibre .18 and embedded within a deformable carrier member 40 comprising a 
skeleton 42 provided between two sheets of flexible rubber skin 44. 46. The LPGs 
12, 14, 16 are illuminated by three wavelength modulated, narrow bandwidth 

10 optical signals, each having a different wavelength and modulation frequency. A 
photodetector 26 connected to three lock-in amplifiers 28, 30, 32 measures the 
amplitudes of the first and second harmonic frequency components of the 
photodetector output signal corresponding to each LPG 12, 14, 16. Similar surface 
profiling apparatus 10 forms the basis for respiratory function monitoring apparatus 

15 100 in which five LPGs are provided within each of four PTL fibres 1 04, 106, 108, 
110, and embedded in four carrier members 40a-d attached to a garment 114 to be 
worn by a subject. 



(Fig. 1) 
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